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Change of Pore Helix Conformational
State upon Opening of Cyclic
Nucleotide-Gated Channels
et al., 1997; del Camino et al., 2000). Measurements
based on fluorescence resonance energy transfer indi-
cate that the movement of the inner helix in Shaker
channels may be linked to a prior voltage-dependent
rotation of the S4 voltage sensor (Cha et al., 1999;
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Center for Neurobiology and Behavior
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Howard Hughes Medical Institute
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New York, New York 10032 Glauner et al., 1999). Nonetheless, our understanding of
the structural changes involved in channel gating is still
far from complete. Notably, there is relatively little known
about the structure and conformational changes thatSummary
underlie the gating of more distantly related members
of the voltage-gated K1 channel family, such as the CNGThe structure of the pore region of the a subunit of
the bovine rod cyclic nucleotide-gated channel was channels (Zagotta and Siegelbaum, 1996).
Here, we investigate the structure of the pore regionprobed using cysteine-scanning mutagenesis and
hydrophilic sulfhydryl-reactive methanethiosulfonate and its potential conformational changes during the
opening of CNG channels using SCAM. CNG channels(MTS) reagents. A region homologous to the pore helix
in the X-ray crystal structure of the KcsA K1 channel are homologous to a subunits of voltage-gated K1 chan-
nels but are distinct from these channels in that theyshowed a helical pattern of reactivity with externally
applied MTS reagents. Surprisingly, three out of four are ligand gated and conduct monovalent cations indis-
criminately (Zagotta and Siegelbaum, 1996). Two previ-of the reactive residues, all on one face of the pore
helix, only reacted with MTS reagents in the closed ous SCAM studies identified certain cysteine-substi-
tuted residues in the pore-forming P region (S5-S6 linker)state. A residue on the opposite face of the helix only
reacted with MTS reagents in the open state. These of the CNG channels that react with charged, hydrophilic
MTS reagents (Sun et al., 1996; Becchetti et al., 1999).results indicate that the pore helix (or its surroundings)
undergoes a change in conformation, perhaps involv- However, the large number of cysteine-substituted P
region mutants that do not express functional channelsing a rotation around its long axis, that opens a gate
localized to the selectivity filter of the channel. limits the structural conclusions of these studies. We
have now extended these studies by rescuing nine of
the twelve nonexpressing mutants through constructionIntroduction
of tandem dimers that contain one wild-type and one
cysteine-substituted mutant subunit.Although the recent X-ray crystal structure of the KcsA
K1 channel from Streptomyces lividans (Doyle et al., The pattern of reactivity of the cysteine-substituted
residues to externally applied MTS reagents in the1998) has greatly enhanced our understanding of the
mechanism by which K1 channels achieve their high closed state of the channel was consistent with the
presence of an a helix in a region of the S5-S6 linker thationic selectivity, several fundamental questions con-
cerning channel structure and function remain to be is homologous to the pore helix in the crystal structure of
KcsA. Unexpectedly, three out of four of these pore helixanswered. How does the structure of the pore of six-
transmembrane segment voltage-gated K1 channels residues are only accessible to MTS reagents in the
closed state. Conversely, a residue on the opposite facecompare to that of KcsA? Why are certain channels that
are structurally similar to K1 channels not selective for of the pore helix is only accessible to MTS reagents
in the open state. Thus, these results indicate that aK1, such as the hyperpolarization-activated cation
channels (Santoro and Tibbs, 1999) and the cyclic nucle- widespread conformational change takes place in, or
surrounding, the pore helix during gating. According tootide-gated (CNG) cation channels (Zagotta and Siegel-
baum, 1996)? And finally, what is the nature of the con- one simple model, the pore helix rotates around its long
axis as the channel opens, implicating the same regionformational change associated with gating? Indeed,
even for KcsA, it is not certain whether the crystal struc- of the channel in both ion permeation and activation
gating.ture corresponds to that of an open or closed channel
(Meuser et al., 1999).
Recent studies have begun to shed light on some of Results
these questions. Perozo et al. (1999), using EPR, have
reported a relatively large conformational change at the Each of 20 residues in and flanking the P region of the
internal end of the inner transmembrane helix (TM2) of bovine rod CNG channel a subunit (RET; Kaupp et al.,
the KcsA channel that is associated with proton-depen- 1989) was substituted, one at a time, by cysteine (Figure 1).
dent channel opening. Studies using the substituted- The mutant channels were expressed in Xenopus oocytes,
cysteine accessibility method (SCAM; Akabas et al., and cGMP-activated currents were recorded in cell-free
1992) suggest that an inner gate is also likely to control patches. We studied the effects of two charged, hydro-
the opening of voltage-gated Shaker K1 channels (Liu philic MTS compounds on channel function: MTS-ethyl-
ammonium (MTSEA), a partially ionized primary amine,
and MTS-trimethylammonium (MTSET), a bulkier, perma-* To whom correspondence should be addressed (e-mail: sas8@
columbia.edu). nently charged, quaternary ammonium compound. These
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brane to scavenge any MTSEA that might have crossed
the membrane (Holmgren et al., 1996; Becchetti et al.,
1999; see Experimental Procedures).
MTSEA had little effect on wild-type RET channels or
on channels formed from RET-RET dimers consisting
of two wild-type subunits (Figure 2). In contrast, MTSEA
caused an irreversible inhibition of the cGMP-activated
current generated by channels formed by four out of
twenty of the cysteine-substituted mutants: RET-L14C,
RET-E19C, T20C, and P22C. The results with T20C andFigure 1. Amino Acid Sequence Alignment of P Region Residues
from Bovine RET, Catfish OLF, Shaker, and KcsA Channels P22C monomers confirmed previous studies (Sun et al.,
Aligned residues with numbering scheme indicating position in P 1996; Becchetti et al., 1999). The results with RET-L14C
region. The RET sequence (the bovine rod a subunit [Kaupp et and RET-E19C tandem dimers were novel because
al., 1989]) corresponds to residues R345–V368, the OLF sequence these mutations in monomers do not yield functional
(catfish olfactory neuron a subunit [Goulding et al., 1992]) corre-
channels. These findings validated the dimer strategysponds to residues F315–V338, the Shaker sequence corresponds
because they showed that (1) the mutant subunit of ato residues K427–V451, and the KcsA sequence corresponds to
dimer was reliably incorporated into functional channelsresidues I60–V84. Residues aligned with the pore helix and selectiv-
ity filter of KcsA are indicated. Boldface residues are conserved (otherwise the channels would not be affected by
between RET and KcsA. MTSEA) and (2) that MTS modification of channels with
cysteine substitutions in only two out of four subunits
was sufficient to cause a marked change in channel
two reagents attach, respectively, -SCH2CH2NH31 or function.
-SCH2CH2N1(CH3)3 groups to free sulfhydryls. We as- In the KcsA crystal structure, residues homologous
sume that these hydrophilic MTS compounds will only to E19, T20, and P22 lie at the extracellular mouth of
modify those cysteine residues whose side chains lie the channel (Doyle et al., 1998). Thus, the reactivity with
on a water-accessible surface of the protein (Akabas et external MTSEA of these cysteine-substituted mutants
al., 1992). Furthermore, we assume that addition of a suggested that the structure of the C terminus of the
bulky charged group to the cysteine will cause an irre- CNG channel P region is similar to that of KcsA. The
versible change in channel function. reactivity of E19C was also consistent with the finding
Previous SCAM studies were limited by the finding that E19 forms the binding site for external divalent cat-
that 12 out of 20 of the cysteine-substituted P region ions (Root and MacKinnon, 1993) and protons (Root and
mutants do not yield fully functional channels (Sun et MacKinnon, 1994). In contrast, the rapid reactivity of
al., 1996; Becchetti et al., 1999). Here, we have rescued RET-L14C channels with external MTSEA was unex-
the expression of 9 out of 12 of the nonfunctional mu- pected because the aligned residue A14 in KcsA is lo-
tants by constructing tandem dimers that link the C cated at the inner end of the pore helix, near the central
terminus of a wild-type RET subunit with the N terminus cavity of the pore.
of a cysteine-substituted mutant subunit. Such tandem
dimers yield functional tetrameric CNG channels that Closed-State Accessibility to MTSEA
reliably incorporate both the N and C termini subunits Closed-state reactivity with external MTSEA was deter-
that comprise the dimer (Liu et al., 1996a). Thus, we mined next, using inside-out patches in which the exter-
have now been able to study the accessibility to external nal surface of the membrane was continuously exposed
MTS reagents of 17 of the 20 pore region cysteine- to MTSEA (in the patch pipette solution). Immediately
substituted residues. Cysteine-substituted mutants are following patch excision, brief pulses of cGMP (10 mM)
named using the single-letter amino acid code to refer were applied to the inside of the patch to open the
to the wild-type residue that has been mutated, followed channel and monitor its reactivity with MTSEA (Figure
by its ordinal number in the P region sequence (see 3A). Application of MTSEA in the closed state had no
Figure 1), followed by a “C”, for the cysteine substitution irreversible effect on current flow through channels
(e.g., V4C). Those cysteine-substituted mutants studied formed from either wild-type RET monomers or RET-
as tandem dimers are prefixed by “RET-” (e.g., RET- RET dimers. In contrast, MTSEA did react in the closed
L14C). state with seven cysteine-substituted residues to irre-
versibly inhibit current flow. The same four residues that
reacted with external MTSEA in the open state alsoOpen-State Accessibility to MTSEA
We first examined the pattern of reactivity of cysteine- reacted with external MTSEA in the closed state (Fig-
ure 3).substituted residues with MTSEA applied to the external
side of the channel in the open state (using outside- Surprisingly, V4C, L7C, and RET-T11C, which did not
react with MTSEA in the open state, did react without patches with 10 mM cGMP in the internal, pipette
solution; Figure 2). Because the channels were continu- MTSEA in the closed state to inhibit channel current
(Figure 3). The closed-state-dependent reactivity of V4Cously activated by cGMP, the magnitude of the current
was determined by periodically applying 20 mM Mg21 confirmed previous results (Sun et al., 1996). Here, our
identification of the reactivity of L7C and RET-T11C wasto the external surface of the membrane to reversibly
block current through the open channel (Root and novel. The pattern of closed-state reactivity with external
MTSEA at every third or fourth residue in the N-ter-MacKinnon, 1993). In these experiments, 20 mM free
cysteine was present on the internal side of the mem- minal part of the P region (K2-L14) is consistent with
CNG Channel Pore Structure
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Figure 2. Effect of Extracellular MTSEA When Applied to Channels in the Open State
(A) The effect of MTSEA on RET-RET, RET-L14C, V4C, and RET-Y8C channels. Macroscopic currents were recorded from outside-out patches
with 10 mM cGMP inside the patch pipette to open the channels. Holding potential was 250mV. The channels were blocked by 20 mM
extracellular Mg21 (lighter bars above traces), and the block was removed by applying divalent-free saline solution. Net inward current upon
removal of Mg21 was used to assay the current through the CNG channels. The heavy bars show the period of MTSEA application. Note the
presence of a small, rapidly reversible component of block with MTSEA, which probably represents open channel block.
(B) Average effect of 90 s applications of external MTSEA (2.5 mM) in open state to wild-type and cysteine-substituted channels. Effect of
MTSEA expressed as ratio (I0 2 I90)/I0, where I0 is initial current response and I90 is response 90 s after application of MTSEA. Ratios of
measurements from at least three different patches were averaged for every construct. Error bars show SD. Filled bars indicate statistically
significant inhibition compared to the respective control (RET-RET for dimers and RET for monomers; one-way ANOVA; p , 0.05).
this region forming an a helix (see Figure 7), in agreement ity of our measurements to the functional effects of MTS
modification? For example, suppose that MTSEA modi-with the formation of the pore helix by aligned residues
in KcsA (Doyle et al., 1998). fication acted to inhibit some initial activation step in a
multistate gating reaction, as has been suggested for
sulfhydryl modification of certain cysteine-substitutedLack of Effect of MTSEA When Applied in the Open
State Represents a Genuine Lack of Reactivity GABAA receptor mutants (Williams and Akabas, 1999).
In this case, when MTSEA modifies channels duringThe closed-state-dependent accessibility of one entire
face of the pore helix suggested a large structural a continuous exposure to cGMP (as occurs with our
outside-out patch protocol of Figure 3), the steady-statechange in this region during gating. However, it was
necessary to rule out the possibility that these differ- current might not be altered because channels already in
the open state do not visit the MTSEA-affected reaction.ences are an artifact of the different patch configura-
tions and protocols used above to assess open-state To test this second possibility, after the initial period
of exposure to external MTSEA and internal cGMP,(outside-out patches) versus closed-state (inside-out
patches) reactivity. We therefore reexamined open-state channels were allowed to close briefly by removing
cGMP from the bath solution for 10–15 s (a period longreactivity using inside-out patches, the same configura-
tion used to determine closed-state reactivity. As shown enough for all channels to close fully but too short to
permit much closed-state reactivity with MTSEA). Chan-in Figure 4, we observed no inhibition of current when
V4C, L7C, or RET-T11C mutant channels in inside-out nels were then reopened with a second application of
cGMP. If MTSEA had indeed reacted with channels inpatches were exposed to external MTSEA (in the pipette
solution) in the open state (in the presence of 10 mM the open state to inhibit an early activation step, we
expected that current should be reduced during theinternal cGMP). This is in contrast to the marked inhibi-
tion of channel currents in inside-out patches during attempt to reopen channels with a second application
of cGMP. However, as shown in Figure 4, we observedsimilar periods of exposure to MTSEA in the absence
of cGMP (Figure 3). These results thus show that the no reduction in current magnitude when the channels
were reopened (for V4C, L7C, or RET-T11C channels).apparent lack of open-state reactivity with MTSEA is
not dependent on patch configuration. Thus, the lack of effect of MTSEA when applied to the
channels in the open state represents a genuine lack ofIs the lack of effect of MTSEA in the open state truly
due to a lack of reactivity, or might it reflect an insensitiv- reactivity.
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Figure 3. Effect of Extracellular MTSEA Applied to Channels in the Closed State
(A) Effect of MTSEA applied in closed state to RET-RET dimers, RET-L7C dimers, RET-T11C dimers, and homomeric V4C and L7C channels.
Recordings were obtained from inside-out patches with 2.5 mM MTSEA continually present in the patch pipette solution (indicated by heavy
bars above traces). Currents were elicited by brief applications of 10 mM cGMP (lighter bars).
(B) Average effect of 90 s exposures of 2.5 mM MTSEA in closed state for different constructs. Solid bars represent statistically significant
inhibition compared to respective control.
Closed-State Accessibility Occurs us to consider and rule out two other potential compli-
cating factors. The first is that MTSEA, in its unchargedthrough a Water-Filled Pathway
and Reflects a Covalent Modification form, may access residues buried within the interior of
the channel through a hydrophobic pathway. However,The unexpected closed-state-dependent inhibition of
the pore helix cysteine-substituted mutants prompted we find that 90 s applications of the permanently posi-
Figure 4. Closed-State Dependence of External Reactivity with MTSEA Is Genuine
Recordings show lack of open-state reactivity for channels in inside-out patches with 2.5 mM MTSEA continuously present in the patch
pipette solution. Internal application of 10 mM cGMP was used to open the channels. cGMP was briefly washed off to allow channels to close
and then was reapplied, showing that MTSEA did not affect the ability of channels to reopen from closed state. Heavy bar indicates constitutive
presence of external MTSEA. Lighter bars show periods of internal application of 10 mM cGMP. Data shown for V4C (top), L7C (middle), and
RET-T11C (bottom) mutant channels. The decay in the response of the RET-T11C channels during the prolonged cGMP application was due
to enhanced desensitization with this mutant and was not related to modification by MTSEA, as seen by the recovery of the peak response
during subsequent cGMP applications.
CNG Channel Pore Structure
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Table 1. Inhibition of Current with MTS Reagents Applied in
Closed State
MTSEA MTSET
RET-RET 20.01 6 0.03 (4) 0.03 6 0.05 (2)
V4C 0.75 6 0.12 (3) 0.70 6 0.05 (3)
L7C 0.45 6 0.06 (3) 0.40 6 0.07 (3)
RET-T11C 0.65 6 0.06 (3) 0.73 6 0.05 (3)
RET-L14C 0.80 6 0.15 (3) 0.75 6 0.10 (3)
Data show mean 6 SD fractional reduction in current elicited by 10
mM cGMP in response to 90 s exposure to 2.5 mM MTSEA or 1.0
mM MTSET. Reduction calculated as in Figures 2 and 3. Number
of experiments given in parentheses.
tively charged MTSET (1.0 mM) produced an inhibition
of channel current similar to that seen with MTSEA (Ta-
ble 1).
A second potential concern arises from the fact that
we normally tested closed-state inhibition in inside-out
patches with MTS reagents continually present in the
pipette solution. Since the MTS reagents are positively
Figure 5. Comparison of First-Order Rate Constants for Open-State
charged amines that can produce reversible channel versus Closed-State Reactivity with MTSEA
block, in addition to irreversible inhibition due to cova-
Open circles show rates of reactivity with external MTSEA in pres-
lent cysteine modification, it is possible that the closed- ence of 10 mM cGMP to activate channels. Filled circles show rates
state inhibition (e.g., Figure 3) is due to a slow, reversible, of closed-state reactivity in absence of cGMP. Bars show SEM.
Statistically significant differences in rates of reactivity in presencenoncovalent modification. However, three lines of evi-
versus absence of cGMP were seen with T11C (p , 0.0002), L7Cdence argue against this possibility. First, reversible
(p , 0.002), and V4C (p , 0.005) channels.open-channel block was fast (,1 s onset) and small
(,20% inhibition; see Figure 2A). Second, there was no
slow inhibition when MTSEA was applied continuously
to channels in the open state in inside-out patches (Fig- MTSEA. Alternatively, the local electrostatic environ-
ment may significantly alter rates of reactivity (Wilsonure 4). Third, we directly confirmed irreversible closed-
state inhibition with MTSEA by comparing cGMP-acti- et al., 2000), either by changing the local concentration
of MTSEA or the extent of ionization of the sulfhydrylvated currents in patches obtained from oocytes that
had not been exposed to MTSEA (controls) with patches group (MTSEA only reacts with the deprotonated S2
form of sulfhydryls).obtained from the same oocytes after they had been
preexposed to MTSEA for 90 s (after which the MTSEA The cysteine-substituted mutants that showed statis-
tically significant reactivity in both the open state andwas removed from the solution). We found a significant
difference in mean cGMP-activated current between closed state (RET-L14C, RET-E19C, T20C, and P22C)
showed no state-dependent changes in their rates ofpatches obtained from control oocytes and patches ob-
tained from oocytes that had been preexposed to reactivity with MTSEA. However, as expected, mutants
that showed statistically significant inhibition only whenMTSEA. Thus, for V4C channels, exposure to MTSEA
reduced the mean current by 39% 6 6% (n 5 3; p , MTSEA was applied in the closed state (V4C, L7C, and
RET-T11C) exhibited a markedly greater rate of reactiv-0.002). For L7C channels, MTSEA reduced the mean
current by 70% 6 14% (n 5 3; p , 0.02). Finally, for ity with MTSEA in the closed state than in the open
state. The difference in reactivity was greatest for RET-RET-T11C channels, MTSEA reduced the mean current
by 59% 6 10% (n 5 3; p , 0.01). T11C, which reacted 100-fold more rapidly in the closed
state than in the open state. L7C exhibited a relatively
small, 5-fold increase in rate of reactivity, whereas V4CState-Dependent Rates of Modification
To obtain quantitative information about the changes in showed an intermediate, 12-fold enhancement in reac-
tion rate when the channel was closed.reactivity associated with gating, we measured the first-
order rate constants for MTSEA inhibition of channel These state-dependent differences in reaction rate
are likely to underestimate the true extent of state-currents (Figure 5; see Experimental Procedures). This
analysis was only carried out for those residues that dependent changes. Thus, even in the presence of 10
mM cGMP, the channels spend a significant fraction ofdisplayed a statistically significant level of current inhibi-
tion with MTSEA, applied either in the open state (Figure time in the closed state because the maximal channel
open probability (Pmax) is less than 1 (for wild-type RET,2) or closed state (Figure 3). For all residues, the first-
order rate constants for MTSEA reaction with the cyste- Pmax 5 0.9). As a result, the rate of reactivity in 10 mM
cGMP will be a weighted sum of the open-state andine-substituted mutants (up to 100 M21s21) are much
slower than the rate of MTSEA reaction with sulfhydryl closed-state reaction rates (where the weighting fac-
tor is Pmax and 1 2 Pmax, respectively). Because the reac-groups in free solution (40,000 M21s21). This could indi-
cate that the cysteine side chains are buried in the inte- tion rate in the closed state was significantly greater
than the rate in the open state, the measured rates inrior of the protein and not freely accessible to external
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10 mM cGMP greatly overestimate the true open-state absence of MTSET, relatively stable responses to the
two concentrations of cGMP (Figure 6). MTSET causedreaction rate.
no change in the responses to either concentration of
cGMP in wild-type RET-RET dimers (Figures 6A andEvidence for Pore Helix Rotation Associated
6C). However, MTSET did progressively enhance thewith Channel Gating
response of RET-W9C channels to 50 mM cGMP,The state-dependent reactivity of the MTS reagents with
whereas the response to the saturating concentrationthe pore helix residues could indicate a change in the
of cGMP was relatively stable (Figures 6B and 6C).water accessibility of these residues due to a conforma-
In the above protocol, MTSET was applied when thetional change in either the pore helix or its surrounding
RET-W9C channels were largely in the open state (dur-environment. Alternatively, the altered reactivity could
ing prolonged applications of 10 mM cGMP). To deter-be caused by a local electrostatic change without any
mine whether the potentiation with MTSET was open-gross structural rearrangements (Wilson et al., 2000).
state dependent as predicted by the helix rotationAlthough we cannot rigorously distinguish between
model, we examined the action of MTSET when appliedthese alternatives, experiments described below are
to RET-W9C channels in the closed state (Figure 6B).consistent with a model in which the pore helix rotates
Inside-out patches were continually exposed to externalaround its long axis when the channel opens, burying
MTSET, while current responses were assayed using athe face of the helix that is exposed to external water
protocol that minimized the time spent in the open state.in the closed state of the channel.
As shown in Figure 6B, when the channels are mostlyThe latter model predicts a pattern of MTSEA reactiv-
closed, MTSET had little effect on the response to eitherity of pore helix residues in the open state of the channel
50 mM or 10 mM cGMP.that is complementary to the pattern seen in the closed
To provide a quantitative measure of the potentiation,state. However, no mutant channel that contained a
we determined an effective equilibrium constant for acysteine-substituted residue on the face of the pore
two-state opening reaction at 50 mM cGMP: L 5 [C]/[O] 5helix that is opposite to the face containing V4C, L7C,
(Imax 2 I50)/ I50. Here, [O] and [C] are the concentrationsand T11C was inhibited by MTSEA (Figure 2). Although
of open and closed channels at 50 mM cGMP, Imax is thethis result seemed to argue against a rotation of the
maximal current response to 10 mM cGMP, and I50 ispore helix, we reasoned that, if helix rotation was ener-
the current response to 50 mM cGMP. The effect ofgetically coupled to channel gating, MTSEA reactivity
MTSET during an experiment is given by the ratio Ln/L1,might have opposing effects on the magnitude of the
where L1 is determined from the first response to 50 mMcGMP-gated current, depending on the face of the helix
cGMP, before the effect of MTSET has developed, andthat was modified. Thus, MTSEA modification of the
Ln is determined for each subsequent (nth) applicationface of the helix opposite to the face containing V4, L7,
of 50 mM cGMP. As shown in Figure 6D, external MTSETand T11 might enhance, rather than inhibit, the cGMP-
caused a marked progressive potentiation of the open-gated current magnitude. Any potentiating effect of MTS
ing equilibrium for RET-W9C channels (seen as a de-modification may have been missed in the above experi-
crease in Ln/L1) when the reagent was applied in thements, since we used saturating concentrations of
open state but not in the closed state. Calculation ofcGMP, where channel opening may already be maximal.
first-order rate constants for the reaction show that theWe therefore investigated possible potentiating ef-
rate of MTSET reactivity is z100-fold more rapid in thefects of MTS modification using inside-out patches and
open state (30 M21s21 ) than it is in the closed state (,1successive applications of a subsaturating (50 mM) and
M21s21). We observed no potentiating or inhibitory effecta saturating (10 mM) concentration of cGMP. We used
of MTSET on either S6C or RET-Y8C mutants (data notthe bulky, permanently charged MTSET (1 mM) to max-
shown).imize any functional effect of modification and to limit
the possibility that the reagent might cross the mem-
brane (although similar results were subsequently ob- Discussion
tained with MTSEA). Two of the seven residues on the
opposite face of the pore helix (Y5C and S10C) could The cysteine-substituted accessibility method is based
on several assumptions, and, so, the conclusions ofnot be studied because the mutants did not generate
functional channels, even as dimers. Two other cyste- this study are subject to certain limitations. The first
assumption is that only cysteine residues at a water-ine-substituted mutants, RET-L12C and RET-T13C,
could not be studied because the responses to cGMP accessible surface of the protein will react with the
hydrophilic MTS reagents. Further, it is assumed thatdesensitized during the protocol. Of the three remaining
cysteine-substituted mutants, S6C, RET-Y8C, and RET- cysteine-substituted residues in the pore region of the
channel that react with these compounds will produceW9C, we found that external MTS reagents did, in fact,
react with RET-W9C in the open state to potentiate an irreversible change in channel function. However, for
those cysteine-substituted mutants that fail to show achannel activation (Figure 6).
It was important to demonstrate that the responses change in channel function following exposure to MTS
reagents, we cannot rule out the possibility that theto cGMP of mutant and wild-type channels were stable
in the absence of MTS reagents because of a spontane- cysteine-substituted residues react with reagent but
that the modification fails to alter channel function.ous slow decrease in EC50 values that can occur in wild-
type CNG channels (Gordon et al., 1992; Molokanova Moreover, cysteine residues that are exposed to a wa-
ter-accessible surface of the protein could, nonetheless,et al., 1999). Under the conditions of our experiments,
both RET-RET and RET-W9C channels showed, in the fail to react with MTS reagents due to an unfavorable
CNG Channel Pore Structure
905
Figure 6. External MTSET Potentiated the Activation of W9C Channels When Applied in the Open State
Data from inside-out patch recordings without (A1 and B1) or with (A2, B2, and B3) 1 mM MTSET continuously present in the external (patch
pipette) solution. Responses to a submaximal concentration of cGMP (50 mM; thin bars) and to a saturating concentration of cGMP (10 mM;
thick bars) are shown.
(A1) Responses of RET-RET (wild-type dimer) in the absence of MTSET.
(A2) Responses of RET-RET (wild-type dimer) in the presence of external MTSET.
(B1) Responses of RET-W9C in the absence of MTSET.
(B2) Responses of RET-W9C in presence of external MTSET.
(B3) Responses of RET-W9C in presence of external MTSET when channel was largely in closed state.
(C) Average change in response ratio, DR/R, to 50 mM and 10 mM cGMP after 90 s period in absence or presence of external MTSET (with
ET) for RET-RET and RET-W9C channels. DR/R was defined as [(I50/Imax)t590 2 (I50/Imax)t50]/[(I50/Imax)t50], where (I50/Imax)t50 was determined at the
beginning of the recording, and (I50/Imax)t590 was determined after 90 s of exposure to MTSET. Filled bars show a statistically significant effect.
(D) Time course of mean effect of MTSET when applied to RET-W9C channels in the open state (open squares; n 5 5) or closed state (filled
squares; n 5 4). Ln/L1 plots the mean ratio of effective equilibrium constants at 50 mM cGMP. n is the ordinal number of the test response to
cGMP (see numbers in [B2] and [B3]). Error bars show SD.
local electrostatic environment rather than a true lack There are several fundamental similarities between
the inferred structure of the P region of RET CNG chan-of accessibility (Wilson et al., 2000). Nonetheless, when
taken in their entirety, our results reveal a consistent nels with that of KcsA and six-transmembrane segment
K1 channels (Figure 7). The accessibility of three resi-picture of P region structure.
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Figure 7. Summary of Residue Accessibility
to External MTS Reagents for the RET CNG
Channel and the Shaker K1 Channel
Residues enclosed by circles were accessi-
ble to external MTS reagents. For RET,
shaded circles denote residues that were
only accessible in closed state, whereas half-
shaded circles denote residues that were ac-
cessible in both open and closed states. For Shaker channels, state dependence of accessibility was not determined. Open square indicates
W9C residue in RET, which was accessible in open but not closed state. Dots indicate cysteine-substituted residues that showed no effect
with reagents. Data for Shaker pore helix from MTSEA applications (Gross and MacKinnon, 1996). Data for C-terminal region of Shaker from
Ag1 applications (Lu and Miller, 1995).
dues at the C-terminal end of the P region (E19C, T20C, renders opposing faces of the helix accessible or inac-
cessible to external, hydrophilic, sulfhydryl-modifyingand P22C) is consistent with previous SCAM studies on
CNG channels (Sun et al., 1996; Becchetti et al., 1999) reagents. The L14C mutant is somewhat anomalous, as
it shows rapid MTSEA accessibility in both the absenceand voltage-gated Shaker (Lu and Miller, 1995) and
Kv2.1 (Kurz et al., 1995; Pascual et al., 1995) K1 chan- and presence of cGMP, whereas the other pore helix
residues are selectively reactive in either the closed ornels. The results are also consistent with the external
location of these residues in the KcsA structure (Doyle open states. This could indicate that L14C forms a pivot
for the helix, undergoing a minimal state-dependentet al., 1998). The pattern of accessibility of V4C, L7C,
T11C, and L14C at the amino terminus of the CNG chan- conformational change. However, we believe another
explanation is more likely. Some of the cysteine-substi-nel P region suggests that this region forms an a helix,
consistent with the aligned pore helix of KcsA and re- tuted mutants have Pmax values that are significantly less
than 1. For L14C channels, we infer that Pmax is less thangions of helical MTS accessibility patterns in Shaker
channels (Figure 7; Gross and MacKinnon, 1996). 0.5 (J. L. and S. A. S., unpublished data). Thus, the rapid
reactivity of L14C with external MTSEA in the presenceHowever, there are also some significant differences
between our results on CNG channels and previous re- of 10 mM cGMP may, in fact, reflect reaction of channels
in the closed, ligand-bound state.sults on K1 channels. First, the residues that we find
accessible to MTSEA in the closed state lie on a face The above conclusions must be tempered by the fact
that we were able to test the open-state MTS reactivityof the pore helix that is opposite to the face that contains
the MTSEA-reactive residues in Shaker K1 channels for only three of the seven residues that lie on the face
of the pore helix that is opposite to the face that shows(Gross and MacKinnon, 1996). Furthermore, the face of
the pore helix that is accessible to MTSEA in the closed closed-state reactivity (S6C, Y8C, and W9C). Only one
of these mutants, W9C, showed an alteration in cGMP-state of CNG channels, in the crystal structure of KcsA,
points away from the external solution toward the inte- gated current with MTS reagents. Interestingly, the resi-
due aligned with W9 in Shaker channels is also a trypto-rior of the channel protein (Figure 8).
It is perhaps not surprising that there should be differ- phan that, when substituted with cysteine, reacts with
external MTSEA (Gross and MacKinnon, 1996). In con-ences in the pattern of MTS accessibility between the
cation-nonselective CNG channels and the K1-selective trast, the residue aligned with S6C in Shaker K1 channels
(A4C) does not react with external MTSEA (Gross andShaker channels. Highly conserved tyrosine and glycine
residues (YG) in the K1 channel GYG signature sequence MacKinnon, 1996), and, so, its lack of reaction in CNG
channels is not unexpected. However, the residue W8Cthat help form the K1 selectivity filter are deleted in CNG
channels. Deletion of these residues in Shaker channels in Shaker channels, aligned with Y8C in CNG channels,
does react with external MTSEA to inhibit Shaker chan-yields a cation-nonselective channel with permeability
properties similar to those of CNG channels (Heginbo- nel current. Furthermore, the fact that the rates of
MTSEA modification of all reactive pore helix residuestham et al., 1992). Presumably, this deletion leads to
dilation of the pore, from an effective radius of 3 A˚ in are .100-fold slower than the rates of MTSEA reactivity
with free sulfhydryls in solution suggests that the localK1 channels to around 6 A˚ in CNG channels (Goulding
et al., 1993). This YG deletion in the selectivity filter may environment must impede MTSEA access or reactivity.
Thus, it is possible that the pore helix remains relativelylead to a propagated shift in the phase of the aligned
residues in the upstream pore helix. An alignment of immobile during gating and that the state-dependent
changes in reactivity of pore helix residues are due eitherthe residues accessible to MTSEA in Shaker with those
accessible to MTSEA in the CNG channels suggests to changes in the local electrostatic environment or to
conformational rearrangements in neighboring regionsthat a rotation of the pore helix by 1008, or a one amino
acid shift, can be sufficient to align the two pore helixes around the pore helix. Nonetheless, these results clearly
indicate some relatively widespread perturbation, eitherand patterns of MTSEA accessibility (Figure 7).
However, static differences between the structure of in the pore helix or in its local environment, during chan-
nel gating.K1 and CNG channels cannot explain the closed-state-
dependent reactivity of V4C, L7C, and T11C and the Our results show both similarities and differences with
those of Becchetti et al. (1999), who studied reactivityopen-state-dependent reactivity of W9C in the CNG
channels. Rather, these data suggest a model in which of RET channels with external MTSET using a more
limited set of cysteine-substituted mutant monomers.the CNG channel pore helix undergoes a 1008–1808 rota-
tion around its long axis during channel activation, which Similar to our findings, the authors observe that T20C
CNG Channel Pore Structure
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Figure 8. The Pattern of MTS Reactivity with Pore Helix Cysteine-Substituted Residues in RET CNG Channels, Based on KcsA Structure
Blue residues show those whose cysteine substitutions were accessible to external MTS reagents applied in the closed state. Magenta residue
is W9, whose cysteine substitution was accessible to external MTSET in the open but not closed state. Views of structures are shown, looking
sideways at two adjacent subunits (left) or looking down at the channel from the external solution (right). Reactive residues shown as ball
and stick figures correspond to the actual residues present in wild-type RET. Figure prepared using Molmol (Koradi et al., 1996), based on
the coordinates of KcsA (Doyle et al., 1998).
and P22C are modified in both the open state and closed gate show a very substantial four to five order-of-magni-
tude increase in the rate of reaction with internal MTSETstate. Although no state-dependence of V4C reactivity
was observed, the authors used 500 mM cGMP to acti- upon channel opening. In contrast, we and others have
previously reported that residues in the P region nearvate the channels (compared to 10 mM cGMP in our
experiments). As a result, the channels were probably the selectivity filter, T16 and I17, react with internal
MTSEA in both the open and closed state of the channelnot fully activated, which will minimize any state-depen-
dent effect. A second discrepancy is that Becchetti et with roughly similar rates of reactivity (Sun et al., 1996;
Flynn and Zagotta, 1999; J. L. and S. A. S., unpublishedal. did not observe any effects of extracellular MTSET
on L7C mutants. However, the assessment of external, data). Consistent with the lack of a significant internal
barrier in the closed state, internally applied tetracaineclosed-state reactivity requires the continuous pres-
ence of MTSET in the pipette. Thus, any rapid, closed- has been found to interact with E19 when the channel
is closed (Fodor et al., 1997). What then would form thestate reactivity of L7C channels with external MTSET
during the process of seal formation, prior to the initial gate of the channel? One possibility is that the gate is
formed by a constriction of the selectivity filter loop atcurrent measurements, may escape detection. Finally,
although Becchetti et al. found no inhibition of W9C position G18, due to strain induced by the rotation of
the pore helix.currents with external MTSET, they did not look for any
potentiating effects on responses to low concentrations Whether or not K1 channels undergo a similar change
in P region structure has not been directly addressed.of cGMP.
What is the significance of the apparent change in Experiments with sulfhydryl-modifying reagents on cys-
teine-substituted Shaker K1 channels (Lu and Miller,pore helix conformation during channel gating? Does it
represent the movement of the actual gate that opens 1995; Gross and MacKinnon, 1996) did not directly mea-
sure closed- versus open-state reactivity, although thethe channel, or does it represent some local conforma-
tional change that may be coupled to gating but is not channels were largely in the closed state during most
of the time that the reagents were applied. Althoughcausally involved in channel opening? In KcsA channels,
evidence exists for a conformational change near the significant P region conformational changes have been
shown to occur in K1 channels during C-type inactiva-inner mouth of the pore as a result of movement of the
inner helix or M2 segment (Perozo et al., 1999). MTS tion gating, these changes are localized to the C termi-
nus of the P region, distal to the pore helix and selectivityaccessibility studies in Shaker K1 channels have also
identified a gate near the C-terminal end of S6 (Liu et filter (Liu et al., 1996b). EPR studies also show small but
detectable movement at the C-terminal end of the poreal., 1997; del Camino et al., 2000). Residues above this
Neuron
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teine exerted its protective effect from the opposite side of thehelix, in addition to the larger movement at the inner
membrane).mouth of the channel (Perozo et al., 1999). Thus, it is
The effects of externally applied MTSEA on open channels werepossible that the conformational changes we detect may
studied using outside-out patches containing 10 mM cGMP in the
not be unique to CNG channel activation gating. Perhaps internal (pipette) solution. MTSEA (2.5 mM) was applied to the out-
voltage-gated K1 channels have two gates involved in side of the patch membrane for 90 s. To test the accessibility of
MTSEA from the extracellular side in the closed state, we obtainedactivation, an internal gate coupled to S4 voltage-depen-
inside-out patches with freshly prepared 2.5 mM MTSEA in the patchdent movements, related to the KcsA internal gate, and
pipette solution. The channel was opened for only very short timesa P region gate at the selectivity filter coupled to pore
(,15 s), using brief pulses of 10 mM cGMP applied approximatelyhelix rotation. CNG channels, with their vestigial S4 volt-
once every 30 s to test the amplitude of the current response. The
age sensor, may be regulated primarily by their P re- effect of MTSEA was measured by the developing inhibition of the
gion gate. current response to cGMP. The mean effect was measured by
the reduction in response to cGMP after 90 s of MTS exposure.
One-way analysis of variance (ANOVA) with a posthoc Dunnett’sExperimental Procedures
multiple range test (NWA Statpack) was used to assess the statisti-
cal significance of any change in cGMP-activated current followingMolecular Biology
exposure to MTS reagents. A p value ,0.05 was the threshold forThe RET CNG channel a subunit cDNA (Kaupp et al., 1989) was
a statistically significant effect. For cysteine mutants that expressedsubcloned in a modified vector pGEM-3Z (Promega) containing the
as homotetramers from monomeric constructs, we compared the59 and 39 Xenopus b-globin untranslated sequences flanking the
effects of 90 s applications of MTS reagents on the mutant channelspolylinker region (Goulding et al., 1994). Dimer constructs were
with the effects on wild-type RET formed from monomers (usingmade using PCR and subcloning (Liu et al., 1996a). All dimers were
responses to 10 mM cGMP). For cysteine mutants that were ex-made by digesting mutants with SauI and HindIII, gel isolating the
pressed as tandem dimers, we compared the effects of 90 s applica-1.6 kb fragment, and subcloning the fragment into a dimer vector,
tions of MTS reagents on the mutant dimer channels with the effectswhich has a wild-type RET CNG channel sequence with a small
of MTS reagents on dimers of wild-type RET subunits (RET-RET).C-terminal linker (Liu et al., 1996a). The constructs were amplified
in the SURE2 bacteria cell line (Stratagene) to obtain dimer DNA.
Rate Constant MeasurementsDue to possible recombination events in the bacteria and monomer
We measured the first-order reaction rate of MTS compounds ap-contamination, the DNA was gel purified after NheI linearization.
plied from the outside of the membrane in the closed state byRNA was transcribed from DNA using T7 RNA polymerase (Message
measuring the time course of change in peak current response toMachine, Ambion) and injected into Xenopus oocytes prepared as
brief applications of 10 mM cGMP. The decline in peak current atpreviously described (Goulding et al., 1992).
a particular time, I(t), was fitted by the formula I(t) 5 I(¥ ) 1 [I(0) 2
I(¥ )] 3 exp(2t/t). The first-order rate constant of inhibition r (units
of M21s21) was then obtained from the relation r 5 1/([MTS] 3 t).Electrophysiology
Rate constants for open-state inhibition for mutants that showed aMacroscopic currents from inside-out and outside-out patches were
statistically significant amount of open-state inhibition were ob-recorded using an EPC9 patch-clamp amplifier as previously de-
tained by fitting the above equation to the time course of cGMP-scribed (Goulding et al., 1993, Sun et al., 1996). For inside-out re-
activated current decay during the 90 s application MTS reagentscording, the pipette and bath solutions were identical and contained
in the maintained presence of cGMP. For those mutant channelsa divalent-free solution (97 mM KCl, 10 mM EGTA, 10 mM HEPES,
that did not show a statistically significant block in the open stateand 1 mM EDTA; titrated with KOH to pH 7.2). For outside-out
but did show statistically significant block in the closed state, werecordings, the pipette solution contained 10 mM cGMP to activate
nonetheless wished to obtain an upper-limit estimate for the ratethe channels, and patches were obtained in a solution containing
of the small amount of open-state inhibition, to allow comparisona high concentration of Mg21 (20 mM MgCl2, 85 mM KCl, and 10
with the rate of closed-channel inhibition. To obtain this limit onmM HEPES; [pH 7.2]). The high external Mg21 blocked the channels
open-state reaction rate, the current response to cGMP in outside-opened by the intracelluar cGMP so that the magnitude of the
out patches was measured at the beginning (I0) and end (I90) of acGMP-activated current was obtained from the difference between
90 s application of MTS reagent (with cGMP continuously presentthe currents in the absence and presence of Mg21 (Root and MacKin-
in the patch pipette solution). Since the 90 s MTS applications tonon, 1993). The holding potential was 280 mV for inside-out patch-
the open state were too short to produce steady-state block forclamp recording and 250 mV for outside-out patch-clamp re-
these residues, I
¥
was estimated by multiplying I0 by the expectedcordings.
fractional current remaining after steady-state block based on the
mean steady-state block observed from MTS applications in the
MTS Protocols closed state (Figure 3). The time constant of block was then obtained
One potential complication with the MTS reagents was that they from the relation t 5 90/[ln{[I0 2 I ¥ ]/[ f 3 I90 2 I¥ ]}]. f is a correction
may diffuse across the membrane and react with residues on the factor for nonspecific effects of MTS reagents, obtained from the
opposite side of the membrane to which they were applied (Holm- fractional block of wild-type channel current by 90 s exposure to
gren et al., 1996; Becchetti et al., 1999), complicating the interpreta- MTS reagents (that is, f 5 I0/I90 for wild-type channels; f was between
tion of the sidedness of the water accessibility of a particular residue. 1.0 and 1.1). The rate constant was then obtained from the relation
For all data presented here, we limited the sidedness of any MTS given above.
reactivity by including 10–20 mM cysteine in the solution bathing
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